Introduction
Climate change research on marine systems has increasingly provided evidence that indirect effects mediated by altered species interactions can play a key role in driving an ecosystem's overall response to global climate change (e.g., Schiel et al. 2004; Traill et al. 2010; Kordas et al. 2011; Alsterberg et al. 2013; Falkenberg et al. 2014) . Particularly, top-down control (grazing) was identified as a crucial interface where direct effects of rising seawater temperature translate into indirect effects on primary producers with regard to algal size fractionation and community composition (Sommer and Lengfellner 2008; Sommer and Lewandowska 2011) and overall biomass production (Sommer and Lengfellner 2008; Alsterberg et al. 2013; Falkenberg et al. 2014; Werner et al. 2016a ). This indirect pathway of temperature effects was explained by the metabolic theory of ecology (MTE) stating that (bio)chemical reactions, in general, are stimulated by temperature with metabolic processes of heterotrophs such as feeding, growth and reproduction being activated more strongly than photosynthetic rates of autotrophs (Brown et al. 2004; Allen et al. 2005; Lopez-Urrutia et al. 2006; O'Connor 2009; Carr and Bruno 2013) . Based on this, it is generally assumed that marine food webs may face a shift in balance between autotrophic production and heterotrophic consumption under global warming with potential consequences for the structure and functioning of the associated ecosystem. However, studies involving multiple species across trophic levels that clearly test the relative importance of both direct and indirect temperature effects on primary biomass are still scarce.
Abstract Using outdoor mesocosms we investigated the relative importance of the direct and indirect (here: altered grazing) effects of seawater warming on benthic microalgae in a Baltic Sea Fucus vesiculosus (Phaeophyceae) system during the spring season. Seawater warming had a positive main effect on microalgal total biomass accrual and growth rate and on total mesograzer abundance and biomass. Moreover, under the existing resource-replete conditions in spring the direct positive effect of warming on microalgae was stronger than its indirect negative effect through enhanced grazing. The outcome of this study contrasts previous observations from the summer and winter season, where indirect effects of warming mediated by altered grazing were identified as an important driver of primary biomass in the Fucus system. In this context, the results from the spring season add mechanistic information to the overall understanding of the seasonal variability of climate change effects. They suggest that the relative importance of the underlying direct and indirect effective pathways of warming and the overall effect on the balance between production and consumption are influenced by the trophic We set out to experimentally disentangle the direct and indirect effects of elevated seawater temperature on benthic microalgae in a Baltic Sea seaweed (Fucus vesiculosus, Phaeophyceae) system. Generally, benthic microalgae that grow on hard substrate (epilithic) or on the surface of macrophytes (epiphytic) exert an important structuring control over perennial seaweed and seagrass beds of coastal marine habitats. Together with ephemeral filamentous macroalgae, they function as an important food source at the base of the macrophyte-associated food web (Miller et al. 1996; Underwood and Kromkamp 1999; Lebreton et al. 2011) , but then can also impede functioning of the system through outcompeting (for nutrients and light) and ultimately overgrowth of the foundation macrophyte (Sand-Jensen 1977; Wallentinus 1984; Schramm and Nienhuis 1996; Worm et al. 1999) . Dominance of competitively superior fastgrowing microalgae in macrophyte systems is counterbalanced by the top-down control of mesograzers (e.g., Worm et al. 1999 Worm et al. , 2000 Burkepile and Hay 2006; Valentine and Duffy 2006) . In F. vesiculosus stands of the southwestern Baltic Sea, the gastropod Littorina littorea and the crustaceans Idotea spp. and Gammarus spp. constitute the most abundant mesograzers with complementary feeding modes and preferences (Lotze 1998; Sommer 1999a, b; Worm et al. 1999) . With regard to microalgal biofilms, L. littorea exerts the most efficient grazing control by leaving algal-cleared feeding tracks on the substrate (Steneck and Watling 1982; Sommer 1999a Sommer , 2000 .
Recent experimental work showed that the ecological balance between competition (bottom-up control) and consumption (top-down control) in the F. vesiculosus system can be disrupted by elevated seawater temperature (Werner et al. 2016a, b) . Precisely, it was shown that temperatureinduced alteration of top-down grazing functions as a key driver of primary producer biomass under global change scenarios (Werner et al. 2016a, b) . Warming (Δ +5 °C), however, did not generally strengthen top-down control as is commonly assumed based on MTE. Whereas, prolonged warmer temperatures in winter intensified consumption, warming in summer exceeded the thermal tolerance limit of two (Gammarus spp. and Idotea spp.) of the three predominant mesograzer taxa, leading to significantly weakened top-down control and to intensified overgrowth of the foundation seaweed F. vesiculosus by epiphytic microalgae and filamentous macroalgae. While the temperature effects on algal biomass seemed considerably indirectly driven by altered top-down grazing, the direct and indirect pathways could not be quantitatively partitioned at this point. According to MTE both heterotrophic metabolism and photosynthesis are stimulated by temperature, although at different activation rates (Brown et al. 2004; Allen et al. 2005; Rall et al. 2010) . Under sufficient resource availability (e.g., inorganic nutrients and light) it is therefore possible that both the release from grazing pressure and the temperature-enhanced growth of competitively superior micro-and filamentous macroalgae caused the outcompeting of the seaweed.
To disentangle the direct and indirect effects of warming we conducted a study in spring 2015 using the same experimental set-up of the F. vesiculosus system (Werner et al. 2016a, b) , while manipulating temperature and grazer presence in a factorial design. We hypothesized (1) that warming has a positive main effect on microalgal biomass accumulation and growth rate under the given resource-replete conditions in spring. Moreover, we expected this positive effect on algal biomass to be stronger in the absence of grazers, revealing the direct effect of temperature. Based on MTE predictions, we assumed (2) that seawater warming accelerates metabolic processes such as feeding, growth, and reproduction in the heterotrophic mesograzers and that this effect is reflected in increased total grazer abundance and total grazer biomass. In the light of the above, we expected (3) that mesograzers generally reduce the biomass of microalgae and that warming indirectly causes a stronger decrease of algal biomass as it intensifies grazing pressure. Lastly, on the base of our previous experimental findings, we expected (4) that warming affects the mesograzer taxa differently leading to taxon-specific responses in their abundance and biomass.
Methods

Experimental set-up
The experiment was conducted in the Kiel Outdoor Benthocosms from March 5th to April 15th 2015. The benthocosms comprise 12 experimental tanks (1.4 m 3 each) that are located outdoors on a jetty in the Kiel Fjord, Germany. They are exposed to ambient light and weather conditions year-round. In this experiment all tanks were filled with non-filtered seawater taken from the Kiel Fjord, from 1 m depth in close vicinity to the experimental platform. The water body was replaced once per day via a flow-through system, which kept the ambient experimental conditions close to the environmental conditions of the Kiel Fjord. Temperature was regulated by heat exchangers and internal heating elements (Titan 2000, Aqua Medic, Bissendorf, Germany and Schego Titan, 600 W, Schemel and Goetz, Offenback/ Main, Germany) and was continuously logged (Profilux sensors 3ex, GHL Advanced Technology, Kaiserslautern, Germany). A more detailed technical description of the Kiel Outdoor Benthocosms, their installation, programming and monitoring can be found in Wahl et al. (2015) . To keep this study comparable to former experiments, F. vesiculosus communities (i.e., 20 thalli Page 3 of 10 67 of the seaweed on its natural rock substratum, associated micro-and filamentous macroalgae, and mesograzers) were established in the benthocosms according to Werner et al. (2016a) . Additionally, for the quantitative sampling of microalgae, one PVC plate (0.60 × 0.40 m) holding unglazed ceramic tiles (4.5 × 4.5 cm) was hung in the F. vesiculosus stands in 20 cm depth in each experimental tank (see below). All tiles were facing the same direction and had been pre-colonized by microalgae in the Kiel Fjord for 10 days. Similar microalgal starting biomass on the tiles was ensured by testing a subsample of three randomly selected tiles for their chlorophyll a content (for method see below) prior to the distribution of the tiles into each experimental unit (tank).
Treatments
In the experiment two levels of temperature (ambient vs. elevated) and grazers (present vs. absent) were full-factorially crossed. The temperature manipulation comprised +5 °C according to climate change predictions for the Baltic Sea region (HELCOM 2007; BACC 2008 BACC , 2015 Schernewski et al. 2010) . The ambient and elevated temperature treatments did not describe a fixed value, but were allowed to follow diurnal and seasonal fluctuation while ΔT = +5 °C was maintained ( Fig. 1 ; Wahl et al. 2015) . For the grazer manipulation, the three most important mesograzers of the F. vesiculosus system (Idotea spp., Gammarus spp., Littorina littorea) were collected, sorted into approximate size classes, and counted. 29 individuals of Idotea spp., 225 Gammarus spp., and 48 L. littorea were added to each one of half of the experimental tanks. The initial number of mesograzers reflected their natural abundance found in the field during the spring season (compare Werner et al. 2016a ).
The experimental design resulted in a total of four treatment combinations that were replicated three times. The no-grazer treatment (−G) reflected the ambient seawater temperature conditions of the Kiel Fjord, while mesograzers were excluded from the experimental communities. The grazer treatment (+G) reflected the ambient temperature of the Kiel Fjord with grazers being present. The no-grazer and elevated temperature treatment (+T−G) comprised a delta value of ΔT = +5 °C relative to the ambient temperature treatment (see Fig. 1 ) in the absence of grazers. The grazer and elevated temperature treatment (+T+G) comprised the same temperature treatment in the presence of grazers.
Sampling and response variables
Sampling took place after 6 weeks at the end of the experiment. During sampling all mesograzers were removed from the experimental tanks. They were identified, sorted, and counted. A random subsample of 15-20 individuals per grazer taxon and experimental unit was taken for the analysis of the total grazer biomass (mg AFDW without shell), and the per capita biomass of each grazer taxon (mg AFDW without shell individual −1 ).
Due to the patchy growth of microalgae on the surface of F. vesiculosus, the microalgal biomass response per treatment was analyzed based on the algae growing on the ceramic tiles (hanging in the seaweed stand of each tank). Microalgal total biomass was expressed as total chlorophyll a content (µg cm −2 ) (hereafter Chl a). Microalgal growth was calculated as growth rate day −1 using Chl a measurements:
, where N and t are the microalgal biomass (Chl a) at times 2 and 1, respectively. For the analysis three randomly chosen tiles per tank were sampled. The microalgal material was scraped and rinsed off with a razor blade and a defined volume of sterile filtered seawater (75-80 mL, 0.2 µm), respectively. The removed algal material was pooled and homogenized per experimental unit. About 2 mL of the diluted sample was filtered on pre-combusted Whatman GF/F filters and stored at −20 °C until further analysis. Chl a analysis was conducted spectrophotometrically according to Jeffrey and Humphrey (1975) . We are aware that the community composition of the microalgae on the seaweed surface and on the artificial substratum may slightly differ due to inhibiting mechanisms of the seaweed. Nonetheless, we observed that the most important genera contributing to total benthic microalgal biomass (e.g., Achnanthes spp., Licmophora spp., Melosira spp., Navicula spp., Stauroneis spp., Synedra spp.) largely overlap and that there is no significant difference in the microalgal community diversity on the surface of F. vesiculosus and ceramic tiles (see electronic supplementary material). Moreover, microalgae on both substrates share a common propagule pool and are subjected to the same structuring forces (bottom-up and top-down regulation) in the experimental system.
Statistical analyses
Prior to the analysis, data were tested for normal distribution and homogeneity of variances. Data transformation was only necessary for the per capita biomass of the amphipod Gammarus spp. (log). A full factorial analysis of variance (ANOVA) was applied to test the main effect of temperature (T) and grazers (G) and their interaction on the total biomass accumulation and growth rate of the microalgae.
To estimate the relative importance of each of the contributing factors, effect sizes were calculated as omega squared: jnik and Algina 2003) . A t test was then performed to analyze the effect of temperature on total grazer abundance, total grazer biomass, and the abundance and per capita biomass of each individual grazer taxon (i.e., Gammarus spp., Idotea spp., L. littorea).
To disentangle the direct and indirect (mediated by altered grazing) effects of temperature on algal biomass accumulation and growth rate, a priori planned comparisons of the treatments were conducted. More specifically, to test the direct effect of temperature on microalgal total biomass and growth rate according to hypothesis: (1), the respective response variables were compared in ambient against high temperature treatments under non-grazed (i.e., −G vs. +T−G) or grazed (i.e., +G vs. +T+G) conditions. Furthermore, to test the indirect effect of temperature (via altered grazing) on microalgal total biomass according to hypothesis (3), the response variable was compared in grazed against non-grazed treatments under either ambient or high temperature conditions (i.e., −G vs. +G and +T−G vs. +T+G). In order to account for alpha-inflation in the repeated comparison, Bonferroni correction was applied. This procedure rendered all results of the a priori comparison non-significant, which is a common problem in ecological studies as they often feature a small number of replicates and high within-sample variability (Moran 2003) . In order to account for a potential type II error, we report both the outcome of the a priori comparison prior to correction and the adjusted critical p-level (Table 3 ) and carefully discuss and interpret the results. All statistical analyses were conducted using Statistica 6.1 (StatSoft Inc., Tulsa, Oklahoma, USA). The data set for this publication is available at https://doi.pangaea.de/10.1594/PANGAEA.872416.
Results
Elevated seawater temperature had a significant positive main effect on microalgal total biomass accrual and growth rate ( Fig. 2; Table 1 ). Likewise, elevated seawater temperature had a significant positive effect on mesograzer total abundance and biomass ( Fig. 3 ; Table 2 ). This positive effect of warming on consumers, however, did not translate into a significant negative effect on microalgae. Regardless of temperature, the presence of mesograzers only showed a trend of a negative main effect on microalgal total biomass and growth rate ( Fig. 2; Table 1 ).
Analyses of the grazer taxa specific responses to warming showed that the positive main effects on total mesograzer abundance and biomass were driven by positive effects on both crustacean mesograzer taxa. Precisely, warming significantly increased the abundance of Gammarus spp. and showed a trend of a positive effect on its per capita biomass (Fig. 4a, b ; Table 2 ). Moreover, warming significantly increased the per capita biomass of Idotea spp. (Fig. 4c, d ; Table 2 ). In contrast to this, warming decreased the per capita biomass of the gastropod L. littorea (Fig. 4e , f; Table 2) .
A priori planned comparison assessing the direct effect of temperature on microalgal total biomass and growth rate in non-grazed or grazed treatments indicated a significant positive effect of warming under grazed conditions (i.e., +G vs. +T+G) prior but not after alpha correction (Table 3 ). In non-grazed treatments (i.e., −G vs. +T−G) it indicated a trend of a positive effect of warming on microalgal total biomass (Table 3) . With 75.0 µg Chl a cm −2 and 65.4 µg Chl a cm −2 in grazed and non-grazed treatments, respectively, the absolute gain of algal biomass in response to warming was nearly the same. In relative terms, however, microalgal biomass increased by threefold under warm and grazed conditions (from on average +G = 40.4 µg Chl a cm −2 to on average +T+G = 115.4 µg Chl a cm −2 , Fig. 2) , whereas it only doubled under warm and non-grazed conditions (from on average −G = 92.6 µg Chl a cm −2 to on average +T−G = 158 µg Chl a cm −2 , Fig. 2) .
A priori planned comparison assessing the indirect temperature effect via mesograzers on microalgal total biomass turned out non-significant in either ambient or high temperature treatments (i.e. +G vs. −G and +T+G vs. +T−G) prior and after alpha correction (Table 3) . Nevertheless, grazing reduced the biomass of microalgae by on average . 3 Display (mean ± CI) of the total grazer abundance (a) and the total grazer biomass (mg AFDW without shell) (b) in ambient (+G) and high temperature (+G+T) treatments. Sample size (N) was six 52 µg Chl a cm −2 in ambient, and by on average 43 µg Chl a cm −2 in warm treatments (Fig. 2 ).
Discussion
The results show that in spring direct effects of seawater warming constitute a more important determinant of microalgal total biomass accumulation and growth rate than indirect effects via altered top-down grazing. In fact, they indicate that in spring combined elevated temperature and grazing can benefit microalgal biomass accrual. The outcome of this study adds information to previous findings by suggesting that not only the effect direction and size of seawater warming vary with season (compare Werner et al. 2016a ), but also the relative importance of the underlying direct or indirect pathways of the effect. In the experiment seawater warming had a direct positive effect on microalgal biomass accumulation and growth rate, which was not offset by the presence of mesograzers (partially accepting hypothesis 1). Moreover, seawater warming had a positive effect on total mesograzer abundance and biomass (accepting hypothesis 2). Contrary to expectations, however, the positive effect of warming on mesograzers did not lead to a stronger depletion of algal total biomass (rejecting hypothesis 3). This outcome suggests that the positive effect of temperature on mesograzers did not translate into significantly higher grazing pressure on microalgae or, if it did, that the direct positive effect of warming on microalgal growth and total biomass accrual exceeded the negative (indirect) effect of enhanced topdown forcing. Both could be explained by the observed mesograzer taxon-specific effects of warming (accepting hypothesis 4) and by season.
The applied grazer taxa naturally co-occur in F. vesiculosus belts of the southwestern Baltic Sea. They are known to feed on benthic microalgae, filamentous macroalgae, and the foundation seaweed F. vesiculosus with, however, differences in their feeding mode and, thus, efficiency (Lotze 1998; Sommer 1999a, b) . More precisely, feeding of the crustaceans Gammarus spp. and Idotea spp. is described as picking and lawn-mowing, which does not fully remove microalgal biofilms from the substrate (Sommer 1999a) . In contrast, feeding by the gastropod L. littorea is described as bulldozer-like and more efficient in clearing microalgal biofilms (Sommer 1999a (Sommer , b, 2000 . Warming significantly increased the total abundance and biomass of mesograzers, which indicates enhanced feeding, growth and reproduction and conforms to MTE predictions stating accelerated metabolism-associated processes in heterotrophs under warming (e.g., Brown et al. 2004; Allen et al. 2005) . The response of grazers to warming, however, varied taxon-specifically which can be attributed to the differences in their life history strategies.
The abundance of Gammarus spp. increased by nearly threefold, pointing to enhanced recruitment under warming in spring that matches a nearly all-season reproductive pattern described for the different species of Gammarus in the Baltic Sea (Kolding and Fenchel 1979; Welton and Clarke 1980) . In contrast to this, the per capita biomass of Idotea spp. doubled, indicating higher individual growth instead of recruitment in warm treatments. This response conforms with life cycle characteristics of the isopod that describe a somatic growth phase in spring prior to recruitment in early summer (Salemaa 1979; Kroer 1989) . Contrasting the positive effects on both crustacean mesograzers, warming decreased the per capita biomass of L. littorea. Considering that the gastropod was found irresponsive to much higher temperatures (Clarke et al. 2000; Werner et al. 2016a, b) , however, this effect may be explained by an earlier onset of egg spawning of L. littorina under warming rather than by physiological constraints. Spawning of L. littorea has generally been described to occur in spring, to be influenced by temperature (Graham 1975) , and to be linked to a change in body weight in female specimen (Graham 1973) .Overall, these results on grazer taxon-specific responses to warming reveal that an increase in grazing pressure (as suggested by the increase in total grazer abundance and biomass) was driven by the positive effects on both crustacean grazers, of which the grazing impact was possibly not sufficient to counteract the enhanced biomass accrual of microalgae Table 2 ANOVA results explaining the effects of temperature (temp) on total grazer abundance (ab) and total grazer biomass (bm) (mg AFDW without shell) as well as on the abundance (ab) and the per capita biomass (per capita bm) (mg AFDW individual −1 without shell) of each grazer taxon (Gammarus spp., Idotea spp. and L. littorea Page 7 of 10 67 under warming in spring. Instead their feeding modes may have even promoted algal growth by re-opening space without fully clearing the substrate from microalgal cells. The experiment was conducted in spring, which in temperate regions such as the Kiel Fjord is characterized by blooming of marine autotrophs, because inorganic nutrients, light intensity, photoperiod and temperature constitute less limiting abiotic constraints. At the onset of the experiment, inorganic nutrient concentrations comprised about 15 µmol L −1 total dissolved inorganic N (including nitrate, nitrite and ammonia), 0.5 µmol L −1 Phosphate and 10 µmol L −1 Silicate and day length was about 11 h. The seawater manipulation by delta 5 °C resulted in a relatively constant temperature regime between 10 and 12 °C in warm treatments, which naturally occurs later in spring or early summer at the experimental site (Kiel Fjord monitoring data 2007 . The temperature coefficient Q10 for marine microalgae in non-limiting conditions is generally assumed to describe a value near 2, meaning that photosynthesis and the associated cell-division double for each 10 °C increase until unfavorable conditions are reached (Eppley 1972; Admiraal 1976; Raven and Geider 1988) . Given that benthic microalgae in coastal habitats of the temperate Baltic Sea are adapted to wide temperature ranges across seasons (>30 °C), it can be assumed that warming by delta 5 °C led to more favorable thermal conditions in spring (rising from 5 to 7 °C to 10-12 °C) and that the microalgal community was able to make rapid use of the available resources via temperature-driven faster growth and higher biomass accumulation which exceeded the counteracting effects of grazing.
Altogether, the simultaneous manipulation of one abiotic (temperature) and one biotic (grazing) factor allowed disentangling the relative importance of the direct effects of both factors on microalgal biomass accrual as well as the indirect effects of abiotic change (temperature) through altered trophic interactions (grazing). The results show that seawater warming in spring has a stronger direct than indirect effect on microalgal biomass accumulation in the F. vesiculosus system, which implies that bottom-up instead of top-down processes constitute a more important driver of benthic microalgal biomass during this time of the year. The outcome contrasts findings in other macrophyte systems, where grazing mediated or compensated for the effects of environmental change on benthic microalgae or turf production (Alsterberg et al. 2013; Ghedini et al. 2015) . Considering that top-down grazing forms a crucial structuring force in coastal vegetated systems in general, it is possible that these contrasting findings are due to season rather than intersystem differences in compensatory mechanisms. More precisely, mediation of effects by consumers was observed in late summer (Alsterberg et al. 2013) , when grazing pressure in temperate systems is generally highest, and in early spring (Ghedini et al. 2015) , possibly during pre-bloom conditions for micro-and filamentous algae. Related to this, it can be assumed that in the temperate F. vesiculosus system the relative importance of the effective pathways switches (i.e., the direct temperature effect weakens and the indirect, compensatory effect through altered grazing strengthens) during seasonal succession towards summer, as soon as the carrying capacity of the system is reached and other resources (e.g., nutrients, space, light) limit the temperature-accelerated microalgal biomass accrual (e.g., O'Connor et al. 2009 ). Previous work on the experimental F. vesiculosus system showed, however, that in summer the same positive effect of warming on ephemeral algae (here: micro-and filamentous macroepiphytes) can be triggered via indirect pathways (here: loss of topdown grazing) with deleterious effects on the foundation seaweed (Werner et al. 2016a, b) . In this context, the study adds mechanistic information to the overarching goal of understanding and predicting the seasonal variability of climate change effects. The outcome of this work and previous studies suggest that the relative importance of the underlying direct and indirect effective pathways of warming and the consequent effect on the ecological balance between production and consumption are interlinked with the relative importance of the regulating top-down and bottom-up forces, which in the temperate region is related to season. Table 3 A priori planned comparisons explaining the effects of grazers and temperature on microalgal biomass (µg cm −2 Chl a) and the effects of temperature on microalgal growth (µg cm −2 Chl a day −1 ). Grazer effects on microalgal biomass were tested by comparing nongrazed with grazed treatments in either ambient (i.e., −G vs. +G) or high temperature (i.e., +T−G vs-+T+G) treatments. Temperature effects on microalgal biomass and growth were tested by comparing ambient and high temperature treatments under either non-grazed (i.e., −G vs. +T−G) or grazed (i.e., +G vs. +T+G) conditions. Sample size (N) twelve. Shown are the p values of the planned comparison and the significance level required after Bonferroni correction Page 9 of 10 67 03F0655, subproject 11/2.3). B. Buchholz and D. Ozod-Seradj are gratefully acknowledged for their technical and laboratory support. We sincerely thank the reviewers for their critique and suggestions.
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